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tion. 


GRAPHICAL ABSTRACT 



ARTICLE INFO 


ABSTRACT 


Article history: 

Received 23 July 2013 

Received in revised form 14 October 2013 

Accepted 17 October 2013 

Available online 24 October 2013 


Keywords: 

Endocrine disrupting compounds 

Pharmaceuticals 

Biochar 

Nuclear magnetic resonance 
Adsorption mechanism 


Chemically activated biochar produced under oxygenated (O-biochar) and oxygen-free (N-biochar) con¬ 
ditions were characterized and the adsorption of endocrine disrupting compounds (EDCs): bisphenol 
A (BPA), atrazine (ATR), 17 a-ethinylestradiol (EE2), and pharmaceutical active compounds (PhACs); 
sulfamethoxazole (SMX), carbamazepine (CBM), diclofenac (DCF), ibuprofen (IBP) on both biochars 
and commercialized powdered activated carbon (PAC) were investigated. Characteristic analysis of 
adsorbents by solid-state nuclear magnetic resonance (NMR) was conducted to determine better under¬ 
standing about the EDCs/PhACs adsorption. N-biochar consisted of higher polarity moieties with more 
alkyl (0-45 ppm), methoxyl (45-63 ppm), O-alkyl (63-108 ppm), and carboxyl carbon (165-187 ppm) 
content than other adsorbents, while aromaticity of O-biochar was higher than that of N-biochar. O- 
biochar was composed mostly of aromatic moieties, with low H/C and O/C ratios compared to the highly 
polarized N-biochar that contained diverse polar functional groups. The higher surface area and pore 
volume of N-biochar resulted in higher adsorption capacity toward EDCs/PhACs along with atomic-level 
molecular structural property than O-biochar and PAC. N-biochar had a highest adsorption capacity of 
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NOMs, natural organic matters; PAC, powdered activated carbon; PhACs, pharmaceutically active compounds; SMX, sulfamethoxazole. 
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all chemicals, suggesting that N-biochar derived from loblolly pine chip is a promising sorbent for agri¬ 
cultural and environmental applications. The adsorption of pH-sensitive dissociable SMX, DCF, IBP, and 
BPA varied and the order of adsorption capacity was correlated with the hydrophobicity (K ow ) of adsor¬ 
bates throughout the all adsorbents, whereas adsorption of non-ionizable CBM, ATR, and EE2 in varied pH 
allowed adsorbents to interact with hydrophobic property of adsorbates steadily throughout the study. 

© 2013 Elsevier B.V. All rights reserved. 


1. Introduction 

Endocrine-disrupting compounds (EDCs) and pharmaceutically 
active compounds (PhACs) are trace-level organic contaminants 
that have been detected in aquatic environments such as sur¬ 
face waters, wastewater, runoff, and landfill leachates [1-3]. The 
widespread occurrence of these dissolved chemicals in water 
sources is of concern due to their adverse effects, such as mimicking 
or antagonizing natural hormones, hindering metabolic processes, 
occupying hormone receptors, and causing reproductive and devel¬ 
opment problems when consumed by humans and aquatic species 
[4,5]. 

A variety of EDCs exist, including pesticides, natural hormones, 
and industrial chemicals. Atrazine (ATR) is one of the most widely 
used herbicides and its continuous exposure into water causes its 
concentration to accumulate due to its poor degradability com¬ 
pared to other herbicides [6 . Recently, 17a-ethinylestradiol (EE2), 
an oral contraceptive, has been studied extensively due to its 
higher toxicity compared to other hormones such as estrone or 
17|3-estradiol [7]. Similarly, bisphenol A (BPA), a main monomer 
in epoxy resin and polycarbonate plastic, has been studied due 
to the ubiquitous use of plastic in everyday living. In addition, 
because of the increasing demand for PhACs, the level of expo¬ 
sure has increased, paradoxically causing a threat to health. Certain 
pharmaceuticals have been studied widely, such as non-steroidal 
anti-inflammatory drugs; diclofenac (DCF) and ibuprofen (IBP), 
as well as antibiotics (sulfamethoxazole; SMX) and anti-seizure 
medicine (carbamazepine; CBM). EDCs/PhACs are metabolized and 
adsorbed by organisms at low levels, resulting in exposure to the 
residues of these compounds as their origin molecular forms or 
their transformed products when they enter the aquatic envi¬ 
ronment [3,8]. Unfortunately, the treatment of EDCs/PhACs in 
wastewater and drinking water is inefficient [9,10] and conse¬ 
quently more effective technologies are required to achieve their 
removal from drinking water. 

Adsorption with a high-binding adsorbent has been used to 
eliminate various contaminants in the aqueous phase [11]. The 
well-established manufacturing process and relatively low cost 
of activated carbon has led to it becoming a common adsorbent 
for water treatment due to its strong interaction with hydropho¬ 
bic organic contaminants. However, the physical properties of 
activated carbon, including the irregular and closed pore struc¬ 
ture with small micropore sizes (<2 nm), precludes the adsorption 
of large molecules, leading to a size-exclusion effect [12]. The 
improvement of this crucial role of pore size for the adsorption 
has been studied through physical and chemical activation of 
adsorbents [13,14]. 

With an advance of biorefinery in the near future, it is expected 
to have biochar available for precursors for value-added products. 
Biochar is the by-product of the pyrolytic processing of biomass to 
obtain biofuel such as controlled thermal process and gasification, 
and has a potential as a promising adsorbent for the elimina¬ 
tion of micro-pollutants due to its superior properties including 
a highly condensed structure and surface density of functional 
groups, although its activated product provides a lower surface 
area and volume than commercialized activated carbon [15,16]. 
These properties are controlled by the pyrolysis conditions (res¬ 
idence time and temperature), activation, and type of feedstock; 


biochar pyrolyzed at a high temperature consists mainly of pol¬ 
yaromatic carbons and has a higher microporosity, which enhances 
the adsorption of organic compounds, while higher proportions 
of aliphatic carbons and functional groups are typical of biochars 
pyrolyzed at a low temperature 16,17 ]. A separate study has shown 
that chemically activated biochar resulted in higher porous struc¬ 
ture, surface area, and lower ash content than commercialized 
activated carbon [18]. Since most of organic forms such as any 
kind of plants, domestic and industrial wastes, sewage sludge, and 
animal manures have used as a source in pyrolysis, their compo¬ 
sition of elements and ratio of inorganic compounds in biomass 
varies the both product yield and quality of bio-oil and biochar 19]. 
The overall objective of this study was to characterize activated 
biochars produced in a laboratory, where biochars were prepared 
at different gas environments using conventional analytical meth¬ 
ods as well as advanced solid-state nuclear magnetic resonance 
(NMR) techniques and how these properties determine the com¬ 
petitive adsorption characteristics and mechanisms of EDCs/PhACs. 
Commercialized powdered activated carbon (PAC) was also exam¬ 
ined as a comparison. Seven EDCs/PhACs commonly occurring 
in the aquatic environment were selected as adsorbates and the 
effects of their hydrophobicity and molecular size on adsorption 
capacity were also investigated. The competitive adsorption among 
EDCs/PhACs were investigated in terms of characteristic difference 
both adsorbents and adsorbates. Furthermore, adsorption inhibi¬ 
tion by natural organic matters (NOMs), described by humic acid, in 
this study was determined for better understanding in real waste- 
water condition. 

2. Materials and methods 

2.1. Target adsorbates 

Three EDCs (BPA, ATR, and EE2) and four PhACs (SMX, CBM, DCF, 
and IBP) were purchased from Sigma-Aldrich (St. Louis, MO, USA). 
Although the seven compounds have similar molecular weights 
(206-296 g/mol), their p I< a values and octanol-water partition 
coefficients (/Cow) cover broad ranges. Detailed physicochemical 
properties are provided in Supporting Information (Table SI). 

2.2. Adsorbents 

The N- and O-biochar samples were produced through the ther¬ 
mal treatment of torrefied loblolly pine chips (15 mm x 6 mm) 
containing bark at 300 °C for 15 min in a laboratory-scale batch 
tube-furnace (OTF-1200X, MTI Corporation, Richmond, CA, USA), 
under pure nitrogen (N-biochar) and 7% oxygen+ 93% nitrogen 
atmospheres (O-biochar). Due to the limitation of the loadable 
amount of samples in the tube furnace, N-/0-biochars were gen¬ 
erated with several batches. After each batch, the weight loss 
from the thermal treatment was measured, and then the sam¬ 
ples with a difference of ±3% in weight loss were collected for 
further experiments. The yields for N-/0-biochar were 42.3% and 
64.2%, respectively. 3 g of each pyrolyzed biochar was activated 
with 40 mL of 4 M NaOH for 2 h and dried overnight at 105 °C. The 
NaOH-impregnated biochar samples were then heated at 800 °C for 
2 h under a nitrogen gas flow (2 L/min) and cooled down (10 °C/min) 
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after being separated from the solution using a Buchner filter fun¬ 
nel. The dried samples were rinsed with 0.1 M HC1 followed by 
deionized water until they reached neutral pH, dried at 105 °C, 
milled and passed through a 74-[xm sieve. Coal-based virgin, high- 
performance PAC, Calgon WPH® (Pittsburgh, PA, USA) was used to 
compare its adsorption ability with that of the biochars manufac¬ 
tured in the lab. 


2.3. Characterization of adsorbents 

Elemental analysis was performed using a PerkinElmer 2400 
Series II Elemental Analyzer (PerkinElmer, Waltham, MA, USA). 
Oxygen content was calculated by subtracting the ash and carbon, 
hydrogen, and nitrogen contents from the total mass of the sam¬ 
ples. The BET surface area was measured with a Gemini VII 2390p 
surface area analyzer (Micromeritics, Norcross, GA, USA) and the 
total pore volume was calculated from the adsorbed quantity of 
N 2 at P/P 0 = 0.95. Solid-state 13 C direct polarization/magic angle 
spinning (DP/MAS) NMR spectra were acquired with a 3.2 mm MAS 
probe, on a Varian Inova 500 spectrometer (Palo Alto, CA, USA). The 
13 C NMR spectra combined with dipolar-recoupled NMR methods 
were used for quantitative structural analyses of the biochars and 
PAC. Detailed experimental conditions for the NMR experiments 
are described elsewhere [20]. 


2.4. Adsorption experiments 

Adsorption isotherms of the EDCs and PhACs on the adsorbents 
were undertaken through batch experiments as described in our 
previous study [21 with a mixture of five different initial con¬ 
centrations (10-50 |jiM). Each stock solution (lOmM), prepared in 
deionized water for DCF, and in acetonitrile for the others, was 
evaporated to minimize any cosolvent effect prior to addition to 
a 40-mL amber EPA vial equipped with a polytetrafluorethylene- 
lined screw cap. The pH and conductivity of aqueous background 
solution were adjusted using 1 N HC1 or NaOH, and 0.1 M NaCl 
(to 150|jiS/cm), respectively. A stock suspension of 2000 mg/L of 
each adsorbent (N/O-biochar and PAC) was prepared by adding 
200 mg of each adsorbent to lOOmL of ultrapure deionized water 
(resistivity ~18M£2/cm) and mixing over a magnetic stirrer at 
500 rpm, and added to each vial at 50 mg/L. After capping (leaving 
minimal headspace), the vials were mixed under ambient condi¬ 
tions for 7 days and allowed to reach apparent equilibrium. The 
effect of natural organic matter (NOM) was determined by spiking 
5.0 mg/L humic acid (Sigma-Aldrich) as dissolved organic carbon 
with 10 |jiM EDCs/PhACs mixed solution. 

Single batch experiments were conducted to determine the 
adsorption kinetics for EDCs/PhACs on N-biochar, O-biochar, and 
PAC. Solutions of EDCs/PhACs (10 p^M each in lOOOmL) in beakers 
were transferred, and then the stock solution of each adsorbent was 
spiked to achieve 50 mg/L. The pH and conductivity were adjusted 
as described above. Under ambient conditions, the solutions were 
mixed over a magnetic stirrer at 150 rpm and sampled repeatedly 
at specific times. All adsorption experiments were conducted in 
duplicate. 

After mixing, each aliquot was collected from the solution and 
filtered through a 0.22-p,m Durapore® membrane filter (Millipore, 
Cork, Ireland), placed in a 2-mL amber vial, and analyzed using a 
high-performance liquid chromatograph equipped with a ultra¬ 
violet detector and a 4.6 mm x 150 mm LiChrosper RP-18 5 |xm 
column (Agilent, Santa Clara, CA, USA) at a constant flow rate of 
0.75mL/min for 23 min. The mobile phase was 5mM phosphoric 
acid:acetonitrile (50:50, v/v). The detector wavelength was set at 
210 nm for all EDCs and PhACs; SMX, CBM, BPA, ATR, EE2, DCF, 


Aromatic C Aliphatic C 



250 200 150 100 50 0 -50 


Chemical shifts, ppm 

Fig. 1 . Solid-state 13 C DP/MAS NMR spectra (solid line) with corresponding recou¬ 
pled 1 H- 13 C dipolar dephasing spectra (dotted line) for N-/0-biochars and PAC 
samples. 

and IBP eluted from the column at 3.8, 5.4, 7.1, 9.4,10.6, 19.0, and 
21.0 min, respectively. 

2.5. Data analysis 

The adsorption isotherms were analyzed with the Freundlich 
isotherm model (Eq. (1)). 

tJe=K F C e 1/n (1) 

where q e (mg/g) and C e (mg/L) are the concentration of adsorbate 
in adsorbent and solution at equilibrium condition, respectively. 
14 (mg/g) and n provide a unit adsorption capacity parameter and 
dimensionless intensity of the adsorbent parameter, respectively. 
In general, high value of JC F is indicative of favorable adsorption 
processes, while the reciprocal of n has a meaning of the surface 
heterogeneity (homogeneous surface; n = 1). 

Pseudo-second-order model was employed to analyze the 
kinetics of adsorption (Eq. (2)). 

~ — J~~2 (j- ( 2 ) 

Qt k 2 Qe 

where q t and q e are the amount of EDCs/PhACs adsorbed (mg/g) 
at time t and equilibrium condition, respectively, while k 2 is the 
pseudo-second-order model rate constant (g/h mg) for the adsorp¬ 
tion. 

3. Results and discussion 

3.1. Characterization of adsorbents 

The activated biochars produced from two different precursor 
biochars were characterized by elemental analyses and solid-state 
NMR. The elemental composition and 13 C NMR spectra of N-/0- 
biochars and PAC were markedly different (Fig. 1). The precursor 
biochar for the activated O-biochar was pyrolyzed in the presence 
of oxygen (3%), allowing the material to be partly combusted rather 
than fully charred [16]. This nominal oxidation resulted in a signif¬ 
icant difference in pyrolysis (Table 1). The oxygen content (13.0%) 
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Table 1 

Elemental composition, aromatic ratio, ash content, aromaticity, BET-N 2 surface area (SA-N 2 ), and cumulative pore volume of the adsorbents used in this study. 


Samples 

C(%) 

H(%) 

N (%) 

0(%) 

H/C 

Polarity index 

Ash (%) 

Aromaticity 3 

SA-N 2 b (m 2 /g) 

Pore volume 0 (cm 3 /g) 

N/C 

O/C 

Micro-pore 

Macro-pore 

N-Biochar 

72.6 

0.77 

0.65 

21.3 

0.127 

0.001 

0.221 

4.7 

62.5 

1360.3 

0.307 

0.643 

O-Biochar 

83.8 

0.24 

0.30 

13.0 

0.034 

0.003 

0.116 

2.7 

74.1 

1150.7 

0.313 

0.318 

PAC 

59.3 

0.16 

0.31 

20.2 

0.032 

0.004 

0.255 

20.1 

69.4 

972.3 

0.216 

0.314 


3 Aromaticity = 100 x aromatic C (108-165 ppm)/[aromatic C (108-165 ppm) + aliphatic C (0-108 ppm)]. Data of aromatic C (108-165 ppm) and aliphatic C (0-108 ppm) 
are listed in Table S2. 

b Calculated using the Brunauer-Emmett-Teller (BET) equation for data in the range less than 0.1 of relative pressure. 
c Calculated from the adsorbed quantity of N 2 at P/P 0 = 0.95 with t-plot mod. 


of the O-biochar was lower than the N-biochar (21.3%), resulting 
in carbon contents of 83.8% and 72.6%, respectively. The H/C ratio 
of 0.034 for O-biochar, and 0.127 for N-biochar indicated that O- 
biochar was slightly more carbonized than N-biochar. 

The elemental analyses are consistent with 13 C solid-state 
NMR results (Tables S2 and S3). The 13 C DP/MAS NMR spectra 
showed that O-biochar has more aromatic characters on the basis 
of a stronger peak at 108-148 ppm corresponding to aryl car¬ 
bons than others. On the other hand, N-biochar has relatively 
higher aliphatic carbon fractions; paraffinic or alkyl (0-45 ppm), 
methoxyl (45-63 ppm), carbohydrate (63-108 ppm) and carboxyl 
carbons (165-187 ppm). Quantitative analyses of the 13 C DP/MAS 
and dipolar dephasing experiments showed that O-biochar has a 
more condensed aromatic structure with higher aromaticity based 
on the larger non-protonated carbon fraction, which agrees well 
with its lower H/C and O/C ratios than those of N-biochar. These 
results indicate that O-biochar has a higher hydrophobicity than 
N-biochar. 

Porous structures (BET surface area and pore volume) of the 
activated biochars and PAC were examined by N 2 adsorption exper¬ 
iments (Table 1 ). The chemically activated N-/0-biochars exhibit 
fairly large surface area (1360.3 and 1150.7m 2 /g) and pore vol¬ 
ume (0.95 and 0.63 cm 3 /g, respectively) that are comparable or 
better than those of commercial activated carbons (972.3 m 2 /g and 
0.53 cm 3 /g). It is notable that N-biochar with relatively lower aro¬ 
maticity has a higher surface area and pore volume, suggesting 
aromatic structures may not help develop porous structures of 
biochar. The high surface area and pore volume of the biochars ren¬ 
der the activated carbons from the renewable biomass a promising 
sorbent that can potentially replace coal-based activated carbons 
such as PAC. In addition, the amount of ash in the activated biochar 
is far lower than the commercial PAC. The low ash content of both 
N-/0-biochar (4.2 and 2.7%, respectively) were derived from its 
property as a feedstock; following the order of soft wood < hard 
wood < corn or wheat stover < livestock manure [ 19]. 20.1 % ash con¬ 
tent of coal-based PAC hardly contributes to hydrophobic organic 
compounds, excepting for the interaction of ash-preferring species 
such as dyes and metal ions [22,23]; therefore, not only the effec¬ 
tive surface area and pore volume of adsorbent, but also absolute 
aromaticity may be diminished, resulting in losing its adsorption 
capacity. 

3.2. Influence of physicochemical properties of the adsorbates on 
adsorption: ionization andpK a 

The three EDCs and four PhACs are amphoteric species and con¬ 
sist of single or multiple charged groups, as well as polar groups 
(hydroxyl, carbonyl, carboxyl, amine, sulfonyl) with aromatic rings 
(benzene, isoxazole, 1,3,5-triazine, azepine). Under acidic condi¬ 
tions (pH 3.5), all of these EDCs/PhACs are predominantly neutral 
species. Increasing the pH varied the content of their ionic forms 
depending on each pJC a value while basic compounds lose their pro¬ 
ton, especially for SMX, DCF, and IBP whose p/C a is relatively lower 


than those of other compounds. At pH values below their pJC a , the 
adsorption affinity toward adsorbents increased significantly with 
the pH, whereas the adsorption affinity dropped sharply at the 
pH above the p I< a values [24]. This difference occurs because the 
electronic coupling influences the adsorptive interaction with each 
adsorbent. The strong electron-withdrawing sulfonamide, carboxyl 
group, and hydroxyl groups on SMX, DCF/IBP, and BPA, respectively, 
repulse TT-electron-acceptor-rich aromatic ring(s) on adsorbents 
[25], resulting in inhibition of tt-tt electron donor-acceptor (EDA) 
interaction, whereas less variation of adsorption affinity due to 
their higher p/C a values (less variation in the ionic state from neu¬ 
tral to ionized form) allows CBM, ATR, and EE2 to show strong 
hydrophobic interactions throughout a wide range of pH values 
(Fig. 2). Furthermore, CBM and EE2 were non-ionizable across the 
pH range from 3.5 to 10.5, and hence the influence of pH was negli¬ 
gible to the adsorption, while ATR was slightly protonated (28%) at 
pH 3.5, resulting in a reduction of the percent of non-ionized form 
(72%), [26] and an increase in the tt—H bond with adsorbent. 

3.3. Distribution coefficient (D) 

The octanol-water partition coefficient (JC 0W ) has been used 
to represent hydrophobicity. This is accurate if the compounds 
are non-ionizable, independent of pH. However, most EDCs and 
PhACs in solution coexist as ionized and neutral forms across 
the entire pH range. Therefore, for the seven adsorbates used in 
this study, the use of the distribution coefficient (D) is more rea¬ 
sonable and preferred because it prevents the overestimation of 
hydrophobicity [27 . Each pH-dependent D value of EDCs/PhACs 
was calculated and reported in logarithmic scale at pH 3.5, 7.0, and 
10.5 (Table SI). The adsorption affinity and correlation between p/C a 
and hydrophobicity are depicted and ordered proportionally with 
the hydrophobicity of adsorbate (logD) in Fig. 3. Under the condi¬ 
tion of dominant hydrophobic interaction in the adsorption study of 
higher-aromatic-containing adsorbents, ionized molecules hardly 
attract to adsorbent through this mechanism. Therefore, a sharp 
drop in its hydrophobicity lowers the interaction with adsorbent 
when pH is greater than p/C a . The variable results of adsorption 
capacity were observed with DCF and IBP due to their lower p/C a 
values (4.15 and 4.52, respectively). The higher ranked DCF and IBP 
in adsorption affinity at pH 3.5 dropped sharply, ranking fifth and 
sixth at pH 10.5, respectively, due to their declining values of log D 
(from 4.21 to 1.08 and 3.92 to 0.60, respectively). In contrast, the 
non-ionizable CBM and partially non-ionizable ATR and EE2 in basic 
conditions displayed less variable adsorption capacity for adsor¬ 
bents, following the order of adsorption capacity, EE2 > CBM > ATR. 

3.4. Adsorption difference between N-biochar and O-biochar 

Hydrophobic interactions were similarly emphasized in sev¬ 
eral adsorption studies of organic compounds in various solutions 
[28-30]. However, the adsorption of organic chemicals cannot 
be interpreted by one or two mechanisms. The above results 
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Fig. 2. Adsorption of EDCs/PhACs on each adsorbent as a function of pH, N-biochar (•); 0-biochar (o); PAC (▼). (Co = 10 |xM, adsorbent dose = 50mg/L. equilibrium contact 
time = 7 d at 20 °C). Vertical dashed lines represent p I< a values of the respective adsorbates. 


demonstrated that N-biochar allowed a higher adsorption for all 
seven EDCs/PhACs than O-biochar (Fig. 4), although the aromatic¬ 
ity of N-biochar was lower than that of O-biochar (62.5% and 74.1 %, 
respectively). The aromaticity determined by the sum of total aro¬ 
matic carbon, the aryl (108-148 ppm) and O-aryl (148-165 ppm) 
groups, in the 13 C NMR spectra increases hydrophobicity while 
aliphatic components cause lower aromaticity [31 . Although high 
aromaticity contributes to the effective adsorption, the lower sur¬ 
face area and pore volume of O-biochar limited the adsorption 
capacity than that of N-biochar (Table 1 ). 

Elemental composition, structural characteristics, and surficial 
properties of biochars affect their adsorption behavior. First, the 
higher polarity index (O/C + N/C) and greater number of polar 
functional groups in the N-biochar (Table 1 and Fig. 1 ) indicated 
that the polarity of N-biochar was higher than that of O-biochar. 
This higher polarity of N-biochar encouraged higher adsorption 
affinity toward polar compounds throughout this study due to 


delocalization of aromatic TT-cloud. This role of polarizability may 
lead to induced electrostatic interaction (i.e. tt-tt interaction, 
TT-stacking, and London dispersion forces [32]) and the observed 
positive relationship between the polarities of adsorbates and the 
sorption coefficient, log/Coc (Fig. 4). The later may be interpreted by 
other intermolecular interactions such as dipolar and dispersion 
forces, resulting in higher adsorption affinity [33]. In addition, the 
adsorption capacity was positively correlated with the O/C fraction 
of both biochars, implying that the polar functional groups of 
N-biochar have a significant role in the adsorption of EDCs/PhACs. 
Moreover, larger contributions of carbohydrate (63-108 ppm), 
carboxyl (165-187 ppm), and carbonyl carbons (187-220 ppm) 
revealed by 13 C NMR spectra in N-biochar (Fig. 1) are attributable 
to the polar functional groups, indicating that a polarity provider 
induces the higher adsorption capacity. These polar functional 
groups (O-containing groups) allow H-bonding interactions 
for adsorbents (H-bonding donor) and chemicals (H-bonding 
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Fig. 3. Overall adsorbed EDCs and PhACs (SMX (•); CBM (▼); BPA (■); ATR (♦); 
EE2 (A); DCF (O); IBP (O)) onto N-/0-biochars and PAC at various pH conditions; 
(a) pH 3.5; (b) pH 7.0; (c) pH 10.5 (C 0 = 10 pM, adsorbent dose = 50 mg/L, equilibrium 
contact time = 7 d at 20 °C). 



Polarity 

Fig. 4. Relationship between polarities of adsorbates (excluding ATR and DCF) and 
log K oc (calculated by dividing q e /C e by the fraction of O/C in Table 1) at pH = 7: 
N-biochar (•) and O-biochar (©) (C 0 = 10 pM; adsorbent dose = 50 mg/L at 20 °C). 

acceptor) [34]. The H-bonding donor groups of biochars and 
positively charged surface in the acidic condition (Fig. SI) enable 
7T-H-bonding interactions with the aromatic rings of EDCs/PhACs 
[35 . Due to the higher portion of such O-containing functional 
groups on N-biochar, the adsorption activity might be attributable 
to 7T-H-bonding interactions. Moreover, this allows adsorbents 
possessing hydrophilic and positively charged sites to interact 


with ionized molecules at pH ranges between above pH of lower 
p/C a of adsorbates (SMX, DCF, and IBP) and each pH zpc , although 
this mechanism was mostly suppressed by different values of 
7T-electron-dependent polarizable interactions; EDA interaction, 
a specific non-covalent force existing between Tr-electron-rich 
moieties (n-electron donors) and TT-electron-depleted moieties 
(TT-electron acceptors) throughout the entire pH ranges [36,37]. 
These resulted in both a strong interaction between EDCs/PhACs 
(tt acceptors) and the aromatic benzene-rings (TT-donors) of 
adsorbents and hydrophobic interactions [33]. 

Furthermore, previous studies have proposed micropore-filling 
and sieving effects to elucidate the adsorption of adsorbates 
[25,38,39 . Different from other single-solute and bi-solute adsorp¬ 
tions, less pore-filling and sieving effects occurred due to the 
larger micro- and macro-pore volumes of N-/0-biochar (0.31 and 
0.64 cm 3 /g, and 0.31 and 0.32 cm 3 /g, respectively). The sieving 
effect of all EDCs/PhACs was elucidated by result of the positive 
correlation between the adsorption capacity and their molecular 
volume; a group of ionizable compounds followed the order of 
adsorption capacity as DCF > IBP > SMX (Fig. S2), while that of non- 
ionizable compounds was determined the similar trend of order as 
EE2 > BPA > CBM > ATR (Fig. S3). 

3.5. Competitive adsorption among EDCs and PhACs 

The adsorption of EDCs/PhACs on biochars and PAC was reg¬ 
ulated by the dissociable states of each adsorbate, displaying 
similar adsorption patterns in the order N-biochar > PAC > O- 
biochar. Unlike single-solute adsorption, multi-solute competitive 
adsorption was unable to describe the adsorption characteristics of 
each adsorbate through isotherm data; however, distinguishable 
adsorption layer type under competitive desorption was identified 
(Fig. S4 and Table S4). The results of overall adsorption under a grad¬ 
ually increasing initial concentration (10-50 jaM) of each adsorbate 
with limited adsorption sites were able to explain the competitive 
adsorption (Fig. 5). The desorption was clear for ionizable com¬ 
pounds. For instance, DCF mostly adsorbed proportionally with 
increasing initial concentration of adsorbent (N-biochar, 50 mg/L) 
predominately under acidic condition, while dissociated DCF lost 
its hydrophobicity and increased its solubility, resulting in poor 
adsorption under neutral and basic conditions. The adsorption site 
allowed DCF to interact via strong hydrophobicity, impeding the 
multi-layer adsorption of competitive adsorbates due to its poor 
polarity and high tt energy [14,40,41]. Unlike dissociable DCF, rel¬ 
atively less dissocial EE2 predominated in both the aromatic and 
polar functionalized sites under neutral and basic conditions via 
its strong hydrophobicity and higher polarity and lower TT-energy, 
respectively [42,43]. The overall adsorbed EE2 under this condition 
was higher than that under acidic conditions and indicated that EE2 
replaced and occupied the site at which DCF was adsorbed. 

The linear Fruendlich isotherm of EE2 in Fig. S4 implies that 
EE2 allowed multi-layer adsorption to other competitors in terms 
of additional hydrogen bonding, which facilitated interactions 
among competitors. IBP performed similarly to the dissociable and 
hydrophobic pattern of DCF. Lower TT-energy allowed stronger 
tt—tt EDA interactions in conjunction with hydrophobic interac¬ 
tions under acidic conditions; however, the former was negligible 
when hydrophobicity decreased sharply. ATR displayed a stable 
adsorption capacity toward the adsorbent under neutral and basic 
conditions, while it was suppressed by more hydrophobic com¬ 
petitors, DCF, IBP and EE2, under acidic conditions. Although the 
hydrophobicity of ATR was intermediate among the competitors, 
its lower TT-energy and smaller size encouraged TT-acceptors to 
interact with TT-donors on the adsorbent, which caused a tt-tt EDA 
interaction and alleviated both the sieving effect and size-exclusion 
and allowed occupation of the adsorption site on the micropores 
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Fig. 5. Limited adsorbed adsorbates as a function of various initial concentrations 
(SMX (•); CBM (T); BPA (■); ATR (♦); EE2 (▲); DCF (O); IBP (O)) onto 50 mg/L of 
N-biochar: (a) pH 3.5; (b) pH 7.0; (c) pH 10.5 (Co = 10-50 p,M, equilibrium contact 
time = 7d at 20 °C). 

[44]. The hydrophobicity of CBM was steady over a wide range of pH 
values due to its high pK a 13.96, as was ATR (p/C a 14.48). This prop¬ 
erty was scarcely exhibited under conditions of coexistence with 
higher hydrophobic adsorbates under acidic conditions, while the 
relatively higher hydrophobicity resulted in strong adsorption with 
constant removal efficiency. The adsorption of BPA was determined 
to have a similar pattern to that of CBM, which was correlated 
with hydrophobicity, while having a slightly higher hydrophobic¬ 
ity than ATR and CBM with a polarity derived from two hydroxyl 
functional groups occupying the adsorption sites at which ATR 
and CBM were located under lower initial concentrations (<20 jiM) 
(Fig. 5c). SMX exhibited inferior adsorption by virtue of its low 
hydrophobicity and TT-energy, while the amino functional group 
and N-heteroaromatic rings of neutral SMX contributed to tt-tt EDA 
interactions under acidic conditions [45]. 

Another competitive adsorption was conducted in the presence 
of NOM. NOM adsorption on the adsorbent was negligible in this 
study. Several explanations include competition against occupy¬ 
ing active adsorption sites and hydrophobic interaction between 
EDCs/PhACs and NOM. A slightly diminished adsorption capacity 
of chemicals was observed in the presence of NOM (Fig. 6). This 
explains how NOM failed not only to occupy the adsorption sites on 
the adsorbent, but also to interact with adsorbates in the solution, 
except for atrazine. NOM reduced atrazine adsorption to 34-35% 
under non-adsorbent conditions; this was derived from precipi¬ 
tation with a hydrophobic interaction between the heterocyclic 
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Fig. 6. Plot for NOM inhibition effect on EDCs/PhACs adsorption; in the pres¬ 
ence (•) or absence (o) of humic acid, and only interaction between adsorbates 
and humic acid without adsorbent (▼) (Co = 10 jjlM; humic acid = 5 mg/L; adsorbent 
dose = 50 mg/L; pH = 7.0 at 20 °C). 

aromatic ring (1,3,5-triazine) and NOM and direct site competi¬ 
tion and pore blockage due to the small size of Atrazine [44]. 
Nonetheless, the predominant adsorption capacity of hydrophobic 
adsorbates on adsorbent was prevalent while NOM disperses not 
only particles [46], but also the molecules [47] in the solution or 
instigates ionization through interactions with diverse functional 
groups on NOM. 

3.6. Adsorption kinetics on adsorbents 

Adsorption kinetics are often controlled simultaneously by film 
diffusion and intra-particle diffusion [48]. However, the adsorp¬ 
tion kinetics in the current study were complex due to both 
the mixture conditions and the desorption of compounds with 
weak adsorption bonding energy. Both diffusion theories barely 
applied to the kinetics in this study, except for the initial reac¬ 
tion. Thus, the tendencies of adsorption capacity and rates to 
reach the equilibrium concentration were investigated using the 
pseudo second-order model (Figs. S5 and S6, and Table S5). This 
well-fit pseudo second-order model implies that the rate limiting 
step is chemical adsorption involving electronic forces through 
the sharing or exchange of electrons between the adsorbent 
and ionized species as a function of electron donor or accep¬ 
tor, respectively, regardless of equilibrium concentrations [48]. 
Therefore, tt-tt bonding and hydro-bonding interactions should 








C.Jung et al. / Journal of Hazardous Materials 263 (2013) 702-710 


709 


be considered to evaluate the competitive adsorption in the 
mixture. The aromatic rings in all seven EDCs/PhACs and adsor¬ 
bents form a tt- system and enable tt-tt interactions. Due to 
the 7r-energy, calculated by the Huckel method (Table SI) [49], 
smaller Tr-energy is more reactive with higher TT-energy at the 
atomic location [50] ; the graphite form of carbonaceous adsorbents 
(biochars and PAC) in the order of tt-tt interactions was deter¬ 
mined to be IBP > EE2 > ATR > BPA > CBM > SMX > DCF. This property 
correlates with adsorption capacity for hydrophobic compounds 
(EE2 > ATR > BPA > CBM), while that of dissociated compounds was 
negligible. Moreover, the steady and faster kinetic adsorption of 
predominantly hydrophobic compounds would occupy active pore 
sites so that fewer hydrophobic or ionized molecules would have 
the opportunity to occupy those sites. 

4. Conclusion 

Biochars used in this study were produced at 300 °C under 
controlled thermal process, which resulted in great physicochem¬ 
ical properties for adsorption to reduce the micro-pollutants. This 
controlled thermal process to produce biochar under oxygen- 
limited condition with simple activation allowed higher surface 
area and condensed aromatic carbon structure to contribute bet¬ 
ter adsorption performance. In addition, this controlled thermal 
process also provides efficient adsorbent, less product waste, and 
energy source simultaneously under tangible economical beneficial 
in terms of biofuel by-product use. In real aquatic environments, 
exposure to EDCs/PhACs occurs in either a neutral or dissociated 
form, resulting in specific competitive adsorption characteristics. 
Determination of physicochemical properties of these organic com¬ 
pounds; hydrophobicity, polarity, TT-energy, and molecular size, 
and that of adsorbent; aromaticity, polarity, ash content, sur¬ 
face area, and the pore volume, provided better understanding of 
reduction of adsorbates in the aquatic system through adsorption 
process. Characterization of adsorbents via NMR analysis improved 
the interpretation of the structure and properties and allowed 
objective comparisons among adsorbents. Through this study, the 
importance of analysis both adsorbate and adsorbent is described 
under various attraction mechanisms and probabilities. This funda¬ 
mental fate of selected micro-pollutants and an understanding of 
the adsorption system in biochar contribute to not only improving 
the removal efficiency of adsorbents, but also preventing exposure 
to harmful chemicals under more complex environmental condi¬ 
tions. 
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